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Introduction
Resistive switching in metal oxides is gaining a wide interest for the development of resistive switching memory (RRAM) devices. Excellent scalability, low-power [1] , fast switching [2] and extended endurance [3] make RRAM a promising alternative to Flash for future nonvolatile memory generations. Resistive switching was observed in a broad range of materials and with different switching modes, including unipolar, bipolar and even complementary switching [4] . Recently, bipolar resistive switching has attracted most interest due to excellent reproducibility and controllable variability. Bipolar switching in metal oxides was attributed to voltage-driven ion migration and defect generation [5, 6] . The comprehensive description of conduction, Joule heating and switching in metal oxides is essential for the development of a reliable and scalable RRAM technology.
This work describes a numerical model for bipolar resistive switching in RRAM. The model is based on the temperature-and field-induced migration of ionized conductive species (e.g. metal cations or oxygen vacancies), which is described through the drift/diffusion equation. Due to directional migration, a conductive filament (CF) can be locally dissolved and reconstructed. The model accounts for set and reset processes under bipolar switching and complementary switching, in both the DC and pulsed regimes of operation.
Experiments
The prototypical bipolar switching metal oxide is HfO x , which is highly compatible with CMOS technology and benefits from a good deal of understanding from high-k/metal gate development in logic circuits. Fig. 1 shows typical I-V curves for a HfO x -based RRAM [7] . The device was provided by Sematech [8] and consisted of a metal-insulator-metal (MIM) structure with an oxide thickness t ox = 20 nm and TiN top/bottom electrodes. A preliminary forming operation consisting of dielectric breakdown was first applied in the negative polarity to generate the conductive filament (CF). Then, set transitions took place under negative voltage, while reset was carried out under positive voltage. The current was limited by a compliance I C = 0.5 mA in the set transition to control the size, hence resistance, of the CF. Note the abrupt change of resistance along the set transition, while reset transition leads to a more gradual change of resistance.
Modeling
The set and reset transitions during bipolar switching were modeled by describing the electronic, thermal and ionic conduction through the solution of the Poisson equation for electrons (equivalent to Ohm's law), the Fourier equation for heat conduction and the drift/diffusion equation for ionic transport. The ionic drift/diffusion current density j D can be written as:
where n D is the density of conductive species (e.g. excess Hf and/or oxygen vacancies) D is the diffusivity,  is the mobility and F is the electric field. Diffusivity and mobility obey the Einstein equation D = kT/q and the Arrhenius law:
where D 0 is a pre-exponential constant, k is the Boltzmann constant, T is the local temperature and E A is the energy barrier for ion hopping [7] . An energy barrier E A = 1 eV was used, consistent with previous results for switching in HfO x [5] .
The differential equations were self-consistently solved in Comsol for a 2D geometry, corresponding to a 3D geometry reduced to 2D by cylindrical symmetry. Fig. 1 shows simulation results for the set and reset transitions, indicating that the model can account for the abrupt set process and for the gradual reset transition, where resistance increases incrementally above V reset = 0.4 V.
The good adherence of the model to the experimental reset transition can be explained in Fig. 2 , showing the calculated maps of the concentration n D (a) and the local temperature (b) as a function of cylindrical coordinates r (radi- al) and z (vertical) in correspondence of bias points A, B and C along the reset transition in Fig. 1. Fig. 3 shows the corresponding contour plot of the calculated n D . A radius of 7 nm was assumed for the CF for best agreement with the set/reset parameters in Fig. 1 . This is consistent with direct microscopy observations of CFs in the literature [9] .
The simulation results indicate that ion migration is first initiated at V reset (bias point A), where the temperature reaches about 600 K at z = t ox /2 along the CF. Migration proceeds in the field direction, i.e. toward the bottom electrode, and leads to a local depletion of conductive species for z > t ox /2. The depleted gap then increases its length  as the voltage increases. According to the simulation results, the gradual increase of  is due to the high resistivity in the undoped region of the CF: here, the voltage drop and the power dissipation increases, while F and T correspondingly decrease in the conductive regions of the CF, thus leading to an overall self-suppression of ion migration and to the observed gradual reset. Conversely, the abrupt set transition under opposite (negative) polarity is due to a self-accelerated ion migration effect: when T reaches the critical point for the onset of ion migration, the gap size is reduced, thus leading to a redistribution of Joule heating which increases the driving force for ion migration. These considerations support the interpretation of bipolar set/reset transitions as due to the temperature-and field-accelerated ion migration mechanism [5] [6] [7] . The model can also account for the time-dependence of resistive switching, in particular in the pulsed (ns-s) regime which is more relevant for the RRAM application. Fig.  4 shows the measured and calculated reset time t reset as a function of voltage. The reset time was defined as the time for a 60% increase of resistance during the application of a given voltage to a set-state RRAM [7] . An increase in the pulse voltage causes a decrease of t reset , as a result of the Arrhenius law controlling ion migration. Calculations in the figure agree with the data and support our choice of activation energy E A = 1 eV, which dictates the kinetic of resistive switching. The model also allows for reliability prediction under read disturb: assuming a read voltage V read = 0.1 V, a total read time of about 10 6 s can be predicted.
Conclusion
The numerical modeling of bipolar switching in metal oxides is discussed. The self-consistent solution of electrical, thermal and drift-diffusion equations allows to describe set and reset characteristics in HfO x . The model can account for both the quasi-static and the pulsed regimes, thus providing an accurate tool for simulation of RRAM switching, reliability and scaling.
